Postsynaptic clustering of GABA A (type A γ -aminobutyric acid) receptors is essential to ensure proper function of GABAergic synapses. This process is initiated during synapse formation and is maintained throughout life. The tubulin-associated protein gephyrin is required for clustering of GABA A receptors, but its specific role in this process is not understood. A second protein associated selectively with GABA A receptors at postsynaptic sites is dystrophin. It is present in a subset of GABAergic synapses along with several partners, forming the dystrophin-associated protein complex. In this review, we discuss recent advances in the role of neuronal activity and trans-synaptic signaling for the clustering of gephyrin and dystrophin during synaptogenesis and on the role of these proteins for plasticity and maintenance of mature synapses.
Introduction
Synapses are specialized subcellular compartments containing a vast array of proteins required presynaptically for transmitter synthesis, storage, release and uptake, and postsynaptically for signal reception and transduction. A probably even larger number of proteins provide a structural scaffold ensuring appropriate assembly, location and function of the pre-and post-synaptic specializations. For example, proteomics analysis identified more than 70 proteins in the postsynaptic density of excitatory synapses, including glutamate-receptor subunits, signalling molecules and scaffolding proteins [1, 2] . In contrast, much less is known about the molecular constituents of the postsynaptic density of inhibitory synapses, which cannot be isolated selectively in biochemical preparations. The available data indicate, however, that they are markedly distinct from excitatory postsynaptic densities, the main difference being the apparent lack of proteins with PDZ protein-protein interaction domains [3] . Most inhibitory synapses contain either type A γ -aminobutyric acid receptors (GABA A receptors) or glycine receptors, which belong to the superfamily of ligand-gated ion channels [4, 5] , and mediate fast inhibitory neurotransmission by gating Cl − ions through an integral membrane channel. These two classes of receptors display considerable structural and functional similarity, and both are associated with the tubulin-binding protein gephyrin, which has been proposed to serve as a scaffold for anchoring at postsynaptic sites. In this review, we discuss recent Neuron-specific expression of GABA A -receptor subtypes GABA A receptors form multimeric complexes assembled from a family of at least 21 constituent subunits (α1-6, β1-4, γ 1-4, δ, ρ1-3, ε, θ, π ) [6, 7] . The majority of GABA A receptors contain a single type of α-and β-subunit variant, associated with the γ 2-subunit. The latter is essential for the formation of a benzodiazepine-binding site [8] . The α1β2γ 2 combination represents the largest population of GABA A receptors, followed by α2β3γ 2 and α3β3γ 2. Receptors containing the α4-, α5-or α6-subunit, as well as the β1-, γ 1-, γ 3-, δ-, π -and θ-subunit, form minor receptor populations. In vivo, GABA A -receptor subtypes, differentiated by the type of α-subunit variant, exhibit a striking neuron-specific expression pattern, ranging from an exclusive expression in a particular neuron type, such as α6-GABA A receptors in cerebellar granule cells [9] , to a selective association with a subset of neurons (e.g. parvalbuminpositive hippocampal interneurons expressing α1-GABA A receptors) [10] . Most neurons contain, however, multiple GABA A receptor subtypes, as shown for hippocampal pyramidal cells, in which α1-, α2-and α5-GABA A receptors are found [11] , with a synapse-specific distribution. In particular, the α2-subunit is enriched in synapses on the axon initial segment, whereas the α1-subunit is mainly located in somatodendritic synapses [12] , and the α5-subunit is extrasynaptic [13] .
The cell-specific expression of GABA A receptor subtypes has been investigated in primary cultures of hippocampal neurons [14] . Although the precise, layer-and cell-specific innervation formed by GABAergic interneurons is disrupted in vitro, the expression pattern of GABA A receptor subtypes remains largely preserved, notably with regard to localization of the α2-subunit on axon initial segments and extrasynaptic distribution of the α5-subunit [14] . These observations indicate that the cell-specific expression and subcellular localization of GABA A receptor subtypes are not determined primarily by presynaptic innervation. Rather, cell-autonomous mechanisms, such as specific proteinprotein interaction mechanisms dependent on appropriate sequence motifs present in particular GABA A receptor subunits, are likely to ensure appropriate sorting and synaptic targeting.
Postsynaptic clustering of GABA A receptors: the elusive function of gephyrin
The mechanisms regulating the postsynaptic clustering of GABA A receptors have received considerable attention. While both native and recombinant GABA A receptors containing only α-and β-subunit variants form GABAgated channels that are inserted in the plasma membrane [15] , the presence of a γ 2-or γ 3-subunit is essential for postsynaptic clustering [16, 17] . A major partner in this process is gephyrin, as shown for α2-GABA A receptors by antisense suppression of gephyrin expression [16] and by analysis of gephyrin-deficient mice [18] . Importantly, clustering of GABA A receptors and gephyrin can be reestablished in γ 2-subunit-deficient mice by transgenic overexpression of the γ 3-subunit [17] , indicating that the required receptor components are shared by these two subunits. A γ -subunit seems to be required for clustering of virtually all postsynaptic GABA A receptor subtypes. In contrast, gephyrin-independent clustering of GABA A receptors has been reported, notably in Purkinje cells of rat and mouse [19, 20] , as well as in the retina and spinal cord of gephyrin-deficient mice [21, 22] , indicating that other modes of clustering exist, at least for certain types of synapses or specific GABA A -receptor subtypes.
The nature of the interaction between GABA A receptors and gephyrin and the precise role of gephyrin for clustering of GABA A receptors remain unsettled. It is unclear whether the γ 2-subunit harbours sequence motifs essential for interaction with gephyrin, since direct binding of gephyrin to GABA A receptors has never been demonstrated [23] . While additional partners might exist, these proteins have remained elusive. However, other explanations about the role of the γ 2-subunit are feasible. In particular, the single-channel conductance, open probability and open duration of GABA A receptors are markedly reduced in the absence of the γ 2-subunit [24] and this feature might interfere with postsynaptic clustering. Indeed, experiments with glycine receptors have suggested that receptor activation is essential for initiation of clustering. According to this model, receptor-mediated depolarization of immature neurons would activate a Ca 2+ -dependent signaltransduction cascade that recruits gephyrin to the developing postsynaptic site [25] . The scaffold formed by gephyrin, in turn, would trap additional receptors at this site, leading to local aggregation. If this hypothesis also holds for GABA A receptors, the presence of the γ 2-subunit might be required to ensure a sufficiently high channel conductance for initiating the clustering process. This view has been challenged in a recent study, which demonstrated that GABA A receptors and gephyrin do not remain clustered at postsynaptic sites following inactivation of the γ 2-subunit gene in mature brain. Specifically, using Cre-mediated recombination under the control of the calcium/calmodulin-dependent protein kinase II (CaMKII) gene promoter to inactivate a floxed γ 2-subunit locus during the third postnatal week, Schweizer et al. [26] demonstrated a rapid loss of GABA A receptor and gephyrin immunoreactive clusters, paralleled by a reduction of benzodiazepine-binding sites, in the brain of adult mice. In contrast, the distribution of GABAergic terminals was not affected. These results show that postsynaptic GABA A receptor and gephyrin clusters are not stably organized but depend on the γ 2-subunit for long-term maintenance. Disruption of existing clusters probably reflects turnover of synaptic receptors and shows that gephyrin is not retained at postsynaptic sites in the absence of GABA A receptors despite its putative anchoring to the cytoskeleton. These findings are supported by experiments showing that disruption of microtubules with colchicine does not affect gephyrin clustering in mature neurons in vitro [27, 28] . It is therefore conceivable that aggregation of GABA A receptor and gephyrin at synaptic sites reflects a dynamic equilibrium and is not dependent on stable interaction with the tubulin cytoskeleton. The γ 2-subunit was found previously to be essential for constitutive endocytosis of recombinant GABA A receptors in A293 cells [29] . The results of Schweizer et al. [26] strongly suggest that the γ 2-subunit is required also for normal recycling of receptors at postsynaptic sites and may therefore play an important role for plasticity of GABAergic transmission.
The dystrophin-associated complex in GABAergic synapses: a role in long-term stabilization?
A second protein that is clustered selectively with GABA A receptors in a subset of GABAergic synapses is dystrophin [20] . While a direct or indirect interaction with GABA A receptor subunits has not been demonstrated, the absence of dystrophin in a mutant mouse (mdx) leads to a marked reduction in GABA A receptor, but not gephyrin, clusters in regions where dystrophin is normally expressed [20] . Dystrophin might therefore regulate the stability of GABA Areceptor clusters. In cultured hippocampal neurons, several additional members of the dystrophin-associated protein complex (DPC), including α-dystroglycan, β-dystroglycan and syntrophin, are clustered with GABA A receptors and dystrophin at GABAergic postsynaptic sites [30, 31] . In view of the structural identity between GABA A and nicotinic acetylcholine receptors, the DPC might regulate GABAergic synapses via similar mechanisms as for the neuromuscular junction. In mice lacking agrin, gephyrin or dystrophin, clustering of dystroglycan in hippocampal neurons was not affected [31] . Furthermore, in dystroglycandeficient neurons, formation of GABAergic synapses and clustering of GABA A receptors and gephyrin were not altered, although these synapses did not contain any dystrophin [31] . Therefore the DPC is not required for GABAergic synaptogenesis, like in the neuromuscular junction, where the DPC is also dispensable for synapse formation and initial clustering of acetylcholine receptors [32] . Conversely, clustering of the DPC in GABAergic synapses does not require GABA A -receptor or gephyrin clustering, as shown in cultures from γ 2-subunit-deficient mice, in which dystrophin and β-dystroglycan clusters were formed normally in the absence of GABA A receptor and gephyrin clustering [14] . With regard to the possible role(s) of the DPC in GABAergic synapses, two alternative views can be envisaged. Since the DPC is expressed predominantly in brain regions displaying the highest levels of synaptic plasticity, such as hippocampus and neocortex, it is possible that the DPC provides a scaffold stabilizing the GABAergic postsynaptic apparatus. Conversely, because dystrophin is expressed late during development [33] , it is conceivable that the DPC stabilizes GABAergic postsynaptic densities after the stage of circuit formation and synaptic remodelling. According to this view, the DPC would maintain existing synaptic connections and prevent excessive remodelling and might be important for long-term maintenance of GABAergic synapses.
Contribution of presynaptic mechanisms: 'matched' and 'mismatched' synapses
The role of presynaptic afferents and neuronal activity for synapse formation and maintenance has been studied extensively [34] . Bi-directional interactions are required for synapse formation, but the signals involved remain largely unknown. Presynaptic elements appear to initiate synapse differentiation via homophilic interactions between pre-and postsynaptic SynCAMn (synaptic cell adhesion molecule) [35] , and possibly heterophilic interactions between neurexin and neuroligin [36, 37] . To determine whether the neurotransmitter itself contributes to specify the identity of the postsynaptic element, Rao et al. [38] correlated the distribution of markers of GABAergic and glutamatergic synapses with the neurotransmitter phenotype of hippocampal neurons cultured in isolation. Under such conditions, where neurons form autapses only, a clear mismatch was observed, with clusters of GABA A receptors and gephyrin being apposed to presynaptic glutamatergic terminals in pyramidal cells, and clusters of glutamate-receptor subunits and PSD-95 (post-synaptic density protein-95) in autapses of GABAergic neurons [38] . These results suggested the existence of a 'general' synaptogenic factor capable of clustering GABA A and ionotropic glutamate receptors and their anchoring proteins irrespective of the neurotransmitter involved.
Mismatched synapses were also observed in neurons receiving a dual glutamatergic and GABAergic innervation [30, 39] . The ratio of mismatched and appropriately matched synapses depended on the amount of GABAergic input received by the neuron. Most mismatched synapses were in dendrites devoid of GABAergic input; they were rare on dendrites contacted by GABAergic axons, which formed appropriately matched synapses. These results suggested that a factor(s) specific for GABAergic synapses overrides the effect of the 'general' factor for clustering of both GABA A receptors and gephyrin. Remarkably, clusters of DPC proteins were never observed at mismatched synapses [30] , indicating that these proteins are not responsive to the 'general' synaptogenic factor.
Further insight into the role of presynaptic terminals in the clustering of gephyrin and GABA A receptors was provided by Studler et al. [40] , who demonstrated in cultured cerebellar granule cells that GABAergic terminals typically are surrounded by multiple gephyrin clusters, whereas in neurites devoid of GABAergic innervation, gephyrin clusters are distributed randomly yet frequently apposed to glutamatergic terminals. Both populations of gephyrin clusters were co-localized with GABA A receptors, confirming that vesicular GABA release is not required for postsynaptic aggregation of GABA A receptors. In line with this conclusion, chronic blockade of action potentialmediated synaptic events with TTX (tetrodotoxin), or blockade of GABA A receptors with bicuculline, did not affect their postsynaptic clustering and co-localization with gephyrin [40] .
If the transmitter is not essential for specifying the identity of the postsynaptic element, other candidates might include proteins, such as the cadherins and protocadherins, neuroligin, ephrins and sidekicks, which have all been proposed to play a role in synaptogenesis and in the formation of topographical maps in the brain [41] [42] [43] [44] [45] . At the neuromuscular junction, anterograde signalling with agrin plays a preponderant role for synapse differentiation and acetylcholine-receptor clustering. Although the contribution of the DPC for agrin signalling is debated [46, 47] , it will be interesting to determine whether a signalling pathway with a similar function to the agrin/MusK pathway is present in central GABAergic synapses.
The role of presynaptic terminals for long-term maintenance of the postsynaptic element is also debated [34] . For example, the effects of GABAergic denervation on GABA A receptor and gephyrin clusters has been investigated in vivo in two lines of mutant mice undergoing postnatal degeneration of Purkinje cells (Lurcher mice and Purkinjecell-degeneration mice) [48] . While the initial formation of GABAergic synapses and gephyrin and GABA A receptor clusters was normal in both lines of mice, the degeneration of Purkinje cells induced a loss of gephyrin clusters in the denervated synapses. In contrast, GABA A receptor clusters were preserved and even increased in number and size [48] . Therefore, the loss of gephyrin might reflect the disappearance of the postsynaptic density following deafferentation, suggesting that presynaptic terminals are required for maintaining postsynaptic GABAergic specializations. The majority of remaining GABA A receptor clusters were not facing one of the remaining GAD-positive terminals, suggesting their translocation to extrasynaptic sites.
Taken together, these results emphasize the active role played by GABAergic presynaptic elements for the formation and maintenance of postsynaptic sites containing appropriately clustered GABA A receptors, gephyrin and other associated proteins, such as the DPC. Their role is complemented, however, by additional synaptogenic signals, which are not transmitter-specific, but are sufficient for clustering of gephyrin and GABA A receptors. Therefore, while communication across the synapse involves multiple signals, activation of GABA A receptors appears to be dispensable for building GABAergic synapses.
Two important pieces missing from this puzzle are whether gephyrin is required for recruiting GABA A receptors to postsynaptic sites at early stages of synapse formation, and whether gephyrin and GABA A receptors are physically linked via intermediate proteins. Given the complexity of the gephyrin gene organization and the existence of multiple, ill-characterized splice variants of this protein [49, 50] , it is conceivable that gephyrin exerts multiple functions in relation to synapse formation and maintenance.
